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We present the results of the formation of the InAs quantum dots ~QDs! on the ~100!
In12xAlxAs~InAlAs!/InP substrate by using relaxed InAlAs buffer layers with different
compositions. Variations of surface morphology of InAs QDs as a function of InAs–InAlAs lattice
mismatch have been evaluated by atomic force microscopy. When the lattice mismatch increases
from 2.4% to 4.2%, the size of QDs decreases, and the density of QDs increases. Each of these
dependences can be fitted to a power function of the misfit unless the Al diffusion, roughness of the
buffer layer, and/or the ripening of small dots modify the size and density. © 2001 American
Institute of Physics. @DOI: 10.1063/1.1428763#The growth of highly lattice mismatched semiconductor
systems such as Ge/Si ~4% mismatch!, InAs/GaAs ~7.2%!,
and InAs/InP ~3.2%! has been known to produce dislocation-
free and fabrication-free quantum dot ~QD! structure by the
Stranski–Krastanov mode. The QD formation process is
driven by the reduction of the total amount of strain, surface,
and interface energies of the strained layer and substrate
system.1,2 Thus, systematic study of the lattice mismatch de-
pendence of the QD formation process and QD structure is
interesting to clarify the roles of strain and tune the QD
structure for device applications.
The InAs QDs grown on InP substrates are among the
leading candidates for new photonic devices in the optical
telecommunication wavelength ~1.3–1.55 mm! range.3–5 It
has been reported that the variation of chemical composition
and surface morphology of the lattice matched buffer layers
~InP, In0.53Ga0.47As, or In0.52Al0.48As! grown on InP leads to
different shape and photoluminescence ~PL! property of the
InAs QDs.6–8 However, the previous reports have not sys-
tematically investigated the effect of lattice mismatch on the
InAs QDs.
In this letter, we present results of the formation of InAs
QDs on the ~100! In12xAlxAs~InAlAs!/InP substrate by us-
ing relaxed InAlAs buffer layers with different compositions.
We investigated the morphology of the InAs QDs as a func-
tion of lattice mismatch between InAs and the InAlAs buffer
layer @dot-buffer ~DB! mismatch#. We show that the struc-
tural characteristics of the InAs QDs mainly depend on the
DB mismatch under a fixed InAs coverage and a fixed
growth condition.
The samples were grown on semi-insulating ~100! InP
substrates in a solid-source molecular-beam epitaxy ~MBE!
system. After thermal desorption of the native oxide layer
under an As4 ambient, 500 nm-thick InAlAs buffer layers
with different composition were grown at 530 °C. The sub-
strate temperature was lowered to 510 °C, and then InAs was
grown under a fixed growth condition ~growth rate
50.25 ML/s, growth time520 s, and V/III pressure
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QDs formation. During the growth of the InAlAs buffer layer
on the InP substrates, the reflection high-energy electron dif-
fraction ~RHEED! pattern indicates an As-stabilized surface
with a diffuse or streaky (231) reconstruction. High-
resolution x-ray diffraction ~XRD! was used to evaluate the
crystalline quality of the InAlAs buffer layer and the lattice
mismatch between the InAlAs layer and InP @buffer–
substrate ~BS! mismatch#. During InAs deposition, streaky to
spotty transition of RHEED patterns were observed at the
@110# direction. To observe the surface morphology by
atomic force microscopy ~AFM! in contact mode, the
samples were cooled down to 300 °C immediately after the
growth while As pressure was maintained in order to avoid
As desorption. PL for these uncapped QDs samples was
measured using the 514.5 nm line of an Ar1-ion laser. The
spectra were recorded using a cooled Ge detector.
The development of three-dimensional morphology is
observed by the AFM measurements. Figure 1 shows AFM
images for the InAlAs/InP buffer layers and the
InAs/InAlAs/InP dots with different mismatch but under the
same growth condition. Steps can be seen on the In-rich
InAlAs buffer surface with the 0.83% BS mismatch @Fig.
1~a!#. With decreasing compressive stress, steps disappeared.
When grown at Al-rich condition @Fig. 1~c!#, InAlAs exhibits
clustering, which is probably due to considerable local de-
viations from uniform distribution of In and Al atoms in the
III sublattice as a result of the insufficient surface mobility of
Al atoms during growth at 530 °C.6 For the 2.42% DB mis-
match dot sample @Fig. 1~b!#, some rounded low-density is-
lands with bimodal distribution of smaller size on smooth
surface and larger size on step are observed, indicating the
propensity for nucleation on step of the buffer.9 On the other
hand, for the 3.85% DB mismatch dot sample @Fig. 1~d!#,
smaller islands of higher density are obtained. The surface is
almost fully covered with elongated InAs islands aligned in
the @1-10# direction. The elongated shape of QDs can be
explained by the fact that the surface diffusion in the @1-10#
direction is larger than that in the @110# direction.10 It has
been shown previously6,7 that the chemical and structural
surface properties of the InGaAs, InAlAs, and InP buffer1 © 2001 American Institute of Physics
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InAs nanostructures. These AFM images show that the shape
and size distribution of the islands are quite different depend-
ing on the nature of buffer.
Figures 2~a!–2~c! show the average height, the average
FIG. 1. AFM images of the surface morphologies for InAlAs/InP buffer
layers with the 0.83% ~a!, 20.69% ~c! BS lattice mismatch and
InAs/InAlAs/InP QDs with the 2.42% ~0.78% BS lattice mismatch! ~b!,
3.85% ~20.65% BS lattice mismatch! ~d! DB lattice mismatch. The scan
size is 0.530.5 mm2.
FIG. 2. Average height ~a!, average diameter ~b!, and areal density ~c! of the
InAs QDs measured by AFM and AFM rms roughness of 131 mm2 scan
size and XRD FWHM of ~004! v-2u scan peak of relaxed InAlAs buffer
layer ~d! as a function of the DB lattice mismatch ( f ). The solid curves in
~a! and ~b! are proportional to f 22 and the solid curve in ~c! is proportional
to f ~see Ref. 6! according to a simple model. The vertical line corresponds
to 0% BS lattice mismatch.
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a function of DB mismatch. We measured their bottom di-
ameter, which is the mean value of the two distances along
the @110# and @1-10# directions, and their height from the
wetting layer ~WL! surface. The standard size deviation de-
duced from AFM images are 618% – 25% except for 2.42%
DB mismatch sample with large standard deviation of
645%. As shown in Fig. 3, this result is further confirmed
by PL measurement for the same samples. Features at 0.9 eV
are due to atmospheric absorption and should be ignored.
The full width at half maximum ~FWHM! values of the PL
peaks from dots are 110–140 meV for 2.59%–4.25% DB
mismatch samples as shown in Fig. 3~b!. For the 2.42% DB
mismatch sample, as shown in Fig. 3~a!, two PL peaks cen-
tered at 0.83 eV and 1.10 eV with FWHMs of 96 meV and
102 meV, respectively, are attributed to the bimodal size dis-
tribution. Changes in optical properties with the DB mis-
match will be reported elsewhere. With increasing DB mis-
match up to 3.6%, the island size decreases and consequently
the island density increases because the coverage of InAs is
fixed. When the DB mismatch exceeds around 3.6%, the size
and density of QDs almost become constant. The density of
QDs in the range of 6 – 831010 cm22 observed at DB mis-
match larger than 3.2% is comparable with the results previ-
ously reported for InAs QDs grown on InAlAs lattice
matched to ~100! InP by MBE.6,7,11 These observations indi-
cate that the DB mismatch is an important parameter for
tuning the QD size.
Here, we introduce a simple model which estimates the
DB mismatch ( f ) dependence of dot size. Although, with
increasing DB mismatch, height/diameter ratio slightly de-
creases from 0.19 to 0.15 by comparing Figs. 2~a! with 2~b!
and @1-10#/@110# diameter ratio decreases from 1.4 to 3.8 by
visual inspection of the AFM images, we assume the dot
shape to be almost fixed for simplicity. Under this assump-
tion, the surface area and base area of a dot are proportional
to d2 and number of atoms in a dot is proportional to d3,
where d is the diameter of the dot. Consequently, the surface
energy increase per dot atom due to the dot formation rela-
tive to the flat surface DEsurf is proportional to d21. If the
continuous WL still exists after the dot formation, the InAs–
InAlAs interface energy does not change. Owing to the dot-
scale invariance of the strain distribution in dots with fixed
shape,12 the strain energy decrease per dot atom DEst due to
the dot formation is independent of the size and proportional
FIG. 3. 10 K PL spectrum from the uncapped InAs/InAlAs/InP QDs
samples with the 2.42% ~a! and 3.85% ~b! DB lattice mismatch. AFM im-
ages of the corresponding structures are presented in Figs. 1~b! and 1~d!. AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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relative to the flat layer DE tot5DEsurf-DEst5g/d – c f 2 de-
creases with size, where g and c are positive constants. Once
a dot is formed, however, its growth is limited by the strain-
induced migration barrier at the dot edge,13 the dissociation
energy barrier to merge with the surrounding dots, and finite
migration length, etc. If we consider that the critical dot size
dc is given by the condition DE tot50, then dc5(g/c) f 22
under the fixed-dot-shape condition. Therefore, height and
diameter are expected to be proportional to f 22 and density
is expected to be proportional to 1/@(diameter)23(height)# ,
i.e., f 6 under the fixed coverage. The solid lines shown in
Fig. 2 are the fitting curves to this model. The curves follow
the measured tendency fairly well up to around 3.6%, though
the aforementioned model is too simple because it does not
take into account the size limitation mechanism explicitly.
There are several possible reasons for the deviation
above 3.6% mismatch. Firstly, Al diffusion from the buffer to
the InAs dot may cause the deviation. If the Al diffusion
occurs, the actual DB mismatch becomes smaller than the
intended value and this provides a reasonable explanation for
the saturation of the measured dot size and density. It is
likely that the Al diffusion becomes effective at Al-rich side.
Secondly, the reduced quality of the buffer layer and surface,
which must be influenced by the BS mismatch, may cause
the deviation because it begins just after the BS matching
condition. Figure 2~d! shows the root-mean-square rough-
ness measured by AFM and FWHM of ~004! v–2u scan
XRD peaks of the buffer layer as a function of DB mismatch.
It is widely accepted that the buffer layers almost fully relax
to their unstrained lattice dimensions at the thickness of 500
nm by introducing misfit dislocations, whose number density
is proportional to the BS mismatch, at the BS interface. The
BS mismatch becomes zero at the 3.2% DB mismatch con-
dition and the flatness and crystal quality of the buffer layer
is best around the BS matching condition. These qualities are
lower on the In-rich side than on the Al-rich side at the
identical magnitude of the BS mismatch. By comparing Figs.
2~a! and 2~d!, however, it is clear that the roughness of the
buffer surface approaches the dot height at the Al-rich side.
Consequently, the buffer roughness must have much larger
influence on the dot structure at the Al-rich side. Lastly, the
limitation of the model should be considered. In the afore-Downloaded 16 Feb 2010 to 130.34.135.83. Redistribution subject tomentioned model, only the critical size, where the free en-
ergy of the dot becomes identical to that in the form of two-
dimensional layer, was estimated. The free energy per atom,
however, still gradually decreases with increasing dot size.
Consequently, the critical-size dots formed under large DB
mismatch can easily grow to a larger size by ripening with
the assistance of a large gradient of the free energy per atom
at the small critical size as well as short necessary migration
distance and small necessary dissociation energy of sur-
rounding dots. The results in Fig. 2 may indicate that the
ripening proceeds until the dot diameter becomes about 25
nm during the present growth quenching ~cooling! process.
In conclusion, the growth of InAs QDs on ~100! InAlAs/
InP strongly depends on the DB mismatch in low mismatch
region. With increasing DB mismatch, the average size of the
QDs decreases, and the density of QDs increases under the
fixed growth condition. These results can be explained on the
basis of a simple model of strain energy and surface energy
of dots with a modification due to the Al diffusion, roughness
of the buffer surface, and/or the ripening of small dots.
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